Abstract Bacterial vaginosis (BV) is a commonly occurring vaginal infection that is associated with a variety of serious risks related to the reproductive health of women. Conventional antibiotic treatment for this condition is frequently ineffective because the antibiotics tend to inhibit healthy vaginal microflora along with the pathogens. Lactocin 160, a bacteriocin produced by healthy vaginal lactobacilli, is a promising alternative to antibiotics; this compound specifically inhibits the BV-associated vaginal pathogens such as Gardnerella vaginalis and Prevotella bivia without affecting the healthy microflora. This study investigates the molecular mechanism of action for lactocin 160 and reveals that this compound targets the cytoplasmic membrane of G. vaginalis, causing the efflux of ATP molecules and dissipation of the proton motive force.
Introduction
Bacterial vaginosis (BV) is characterized by replacement of healthy vaginal microflora, which predominantly consists of Lactobacillus spp., by a variety of potentially pathogenic species such as Gardnerella vaginalis, Prevotella, Bacteroides, Peptostreptococcus, and Mobiluncus spp. [12, 35] . Although BV is not a life-threatening condition, it has been linked to numerous complications related to the reproductive health of women. BV clearly elevates the risk of an infection following gynecological surgery, such as an abortion [19] . In pregnant women, BV may lead to intraamniotic infections that can cause serious brain damage in the developing fetus [13, 29] . Women affected by BV during their pregnancy are also at risk of giving birth prematurely, resulting in a high rate of infant death [20, 31] . Finally, BV is recognized as a major risk factor for transmission and acquisition of certain STIs, including genital herpes and HIV infection [9, 10, 32] . In particular, the BVassociated pathogens G. vaginalis and P. bivia were shown to directly induce replication of the HIV virus in several cell lines [14, 15] . Furthermore, the study conducted by Cherpes et al. [10] suggests that genital tract shedding of HSV-2 is amplified by BV.
Conventional treatment of BV is by administration of the antibiotics clindamycin and metranidazole. The problem with these antibiotics is that they tend to inhibit native vaginal microflora along with the pathogens, thus contributing to a high (20%) rate of BV reoccurrence within one month of the therapy [36] . Many researchers now perceive and treat BV as an microecological imbalance rather than an infection [16] . Accordingly, the effective treatment for this condition should selectively target the pathogenic microorganisms, while allowing the healthy vaginal microflora to recover. The bacteriocins produced by vaginal lactobacilli have recently attracted the attention of the scientific community as a possible remedy against BV [2, 4, 33] . Bacteriocins are defined as ribosomally synthesized antimicrobial peptides which are generally active against microorganisms closely related to the producer strain [30] . Lactocin 160 is a 3.8-kDa antimicrobial peptide produced by a clinical strain of Lactobacillus rhamnosus isolated from a healthy human vagina. Preliminary characterization of this peptide suggests that it is a bacteriocin, and its sequencing is currently underway ( [3, 21] ; Aroutcheva et al. unpublished data). Lactocin 160 was shown to selectively inhibit clinical strains of G. vaginalis and P. bivia but not the healthy vaginal isolates [3] , which makes it a promising alternative to antibiotics for prophylaxis and treatment of BV [3, 21] . Furthermore, both in vitro and in vivo models show that the topical application of lactocin 160 does not induce irritation of vaginal epithelia, indicating that it is safe for intravaginal applications [11] .
The molecular mechanism of action of lactocin 160 has been investigated against Micrococcus luteus 10420, a model microorganism commonly used to study bacteriocins [21] . It was determined that lactocin 160 causes an efflux of ATP and dissipation of the transmembrane electric potential in M. luteus cells. In this study, we investigate the mechanism of action of lactocin 160 against G. vaginalis, one of the key pathogens involved in BV. Nisin was used as a model bacteriocin because the molecular mechanisms of action of this antimicrobial have been studied in great detail against a variety of bacterial species. Bacteriocins have been previously evaluated as a treatment for BV [4, 33] . However, to the best of our knowledge, this is the first report on the molecular mechanism of action of a bacteriocin against the BV-associated organism G. vaginalis. The apparent lack of research exploring the mode of action of antimicrobial peptides against this vaginal pathogen may be explained by the fact that G. vaginalis is an extremely fastidious organism, thus requiring every assay to be specifically tailored to its ideal growth or survival conditions.
Materials and Methods

Bacterial Strains and Growth Conditions
Frozen stock of G. vaginalis ATCC 14018 and L. rhamnosus 160 cultures were kept at -80°C in their appropriate growth medium supplemented with 15% glycerol. Brain heart infusion (BHI) broth (Difco, Sparks, MD) supplemented with 3% horse serum (JRH Biosciences, KS) was used for the proliferation of Gardnerella vaginalis, while MRS broth (Difco) was used to grow L. rhamnosus 160. The cells were grown under anaerobic conditions at 37°C without agitation. Both microorganisms were subcultured multiple times prior to being used in the experimental procedures.
Preparation and Use of the Antimicrobial Solutions
The partially purified preparation of lactocin 160 was obtained using the method previously described by Aroutcheva et al. [3] , Dover et al. [11] , and Li et al. [21] . The protocol was adapted for large-scale fermentation at the Cell Production and Recovery Facility (Waksman Institute, Rutgers University, NJ) and used to produce 50 l of L. rhamnosus 160 culture. All the purification procedures were followed as described by Aroutcheva et al. [3] , leading to the production of 11.38 g of lyophilized, partially purified preparation which was subsequently used in the experimental procedures. The 10 AU ml -1 stock solution of lactocin 160 was prepared by dissolving 400 mg of the powder in 1 ml of distilled water. The solution was then filter-sterilized through a 0.2-lm syringe filter (NALGENE, Rochester, NY) and used within 4 h.
The 100 AU ml -1 stock solution of nisin was prepared by dissolving 10 mg of 2.5% commercial nisin preparation (Sigma-Aldrich) in 1 ml of nisin diluent (0.02 mol l -1 hydrochloric acid solution, pH 1.7). The solution was then filter-sterilized with a 0.2-lm filter (NALGENE) and used within 4 h.
The activity of the lactocin 160 preparation, as expressed in arbitrary units (AU), was determined using the 96-well plate method described by Naghmouchi et al. [28] . Briefly, the serial dilutions of lactocin 160 were prepared from the stock solution using sterile distilled water. Each well of the 96-well plate contained 100 ll of the lactocin 160 solution (various concentrations), 10 ll of the overnight G. vaginalis culture, and 90 ll of the bacterium's growth medium. The plate was incubated anaerobically at 37°C for 72 h, and the lowest dilution of the lactocin 160 preparation that gave the full inhibition of the microbial growth was assigned 1 AU. The activity of the nisin preparation against G. vaginalis was assessed in a similar way.
Data presented in the Results and Discussion section illustrates the mode of action of lactocin 160 and nisin at 1 AU ml -1 so that a comparison between these two antimicrobials could be drawn. Higher concentrations of the antimicrobials were also evaluated with equivalent results (data not shown). The 4.44 mmol l -1 aqueous solution of lactic acid was used as a negative control for lactocin 160, as this is the lactic acid concentration previously reported for this partially purified antimicrobial preparation [11] . Lactic acid has some antimicrobial properties which had to be accounted for using the control [2] . Similarly, nisin diluent (20 mmol l -1 aqueous solution of hydrochloric acid) was used as a negative control for nisin.
The Membrane-Disruption (Ethidium Bromide) Assay
The cytoplasmic membrane integrity of the G. vaginalis cells was assessed using the method described by Benito et al. [7] . Briefly, the culture of G. vaginalis was grown anaerobically at 37°C to an OD 600 of 0.6 and then aliquoted into microcentrifuge tubes. Ethidium bromide (SigmaAldrich, St. Louis, MO) was added to each tube at a final concentration of 100 lmol l -1 . Immediately after the addition of ethidium bromide, cells were treated for 5 min with either 1 AU ml -1 lactocin 160 or the corresponding controls. Following the treatment, cells were washed twice with the equivalent volume of PBS so that any unbound ethidium bromide was eluted. Bound ethidium bromide was quantified via its fluorescence using a PerkinElmer LS-50B spectrofluorometer (PerkinElmer Life and Analytical Sciences, Inc., Boston, MA). The fluorescence measurements were taken at 22°C using quartz cuvettes (10 mm light path) with excitation and emission wavelengths of 493 and 610 nm, respectively, and with a slit width of 10 nm. Heat treatment (100°C for 10 min) was used as a positive control for membrane damage. Fluorescence of the experimental samples was normalized to the positive control with the assumption that those cells lysed by the heat experienced 100% membrane damage.
The ATP Assay
The effect of lactocin 160 on the cellular ATP content of G. vaginalis was elucidated using the method previously described by Li et al. [21] . Briefly, G. vaginalis was grown anaerobically at 37°C to an OD 600 of 0.6. The cells were washed once with an equivalent volume of 50 mmol l MES at half the volume of the original culture. Subsequently, the cell suspension was energized with 0.2% glucose for 20 min, aliquoted into 1.5 ml microcentrifuge tubes and then treated for 5 min with either 1 AU ml -1 of lactocin 160 or the corresponding controls. To assess the total ATP levels of the treated cell suspension, 20 ll was mixed with 80 ll of DMSO (FisherBiotech, Fair Lawn, NJ) and then diluted with 4.9 ml of cold deionized water (4°C). DMSO lyses cells, hence inducing the release of intracellular ATP into the supernatant. For assessment of the extracellular ATP levels, 100 ll of the treated cell suspension was diluted with 4.9 ml of 50 mmol l -1 MES buffer (pH 6.5). ATP contents of the prepared solutions were determined using the commercially available ATP Bioluminescent Assay Kit (Sigma-Aldrich) following the manufacturer's instructions. The total ATP levels of cell suspensions treated with the negative controls were very consistent; thus, their average was used to normalize all results and express them as percentage values.
DpH Dissipation Assay
The effect of lactocin 160 on the transmembrane pH gradient of G. vaginalis cells (DpH) was determined using the method described by Molenaar et al. [24] with some modifications. To prepare the cells, an initial 20 ml culture was incubated anaerobically at 37°C until an OD 600 of 0.6 was reached. The culture was centrifuged at 5000g, washed twice with 20 ml of 50 mmol l -1 potassium phosphate buffer (PPB, pH 6.0) and subsequently re-suspended in 200 ll of fresh PPB. The cell suspension was mixed with 20 ll of the pH-sensitive probe BCECF-AM (MP Biomedicals, Inc., Solon, OH), and incubated for 5 min at room temperature to allow the diffusion of the probe into the cytoplasm. The cells were then washed twice with 1 ml of 50 mmol l -1 PBS (pH 6.0) and resuspended in 200 ll of the equivalent buffer. Changes in the intracellular pH of the cells were monitored using a LS-50B spectrofluorometer (PerkinElmer). The fluorescent measurements were taken at 22°C in quartz cuvettes (10 mm light path) with excitation and emission wavelengths of 502 and 525 nm, respectively, and with slit widths of 5 nm for excitation and 15 nm for emission. Each cuvette containing 2 ml of 50 mmol l -1 PPB (pH 7.0) was spiked with 10 ll of the cells loaded with BCECF-AM. Sharp fluctuations in fluorescence intensity are generated when the sample compartment of the spectrofluorimeter is opened; therefore, it is always necessary to allow ca. 20 s for the signal to equilibrate. As the fluorescence signal equilibrated, the cells were energized with 2.2 mmol l -1 glucose. The resulting increase in the fluorescence of the probe indicates an elevation in the intracellular pH of the cells. Immediately after the signal equilibrated, cells were spiked with 5 lmol l -1 valinomycin (MP Biomedicals, Solon, OH) to convert the DW component of the proton motive force (PMF) into transmembrane pH gradient. Once again, the signal was allowed to equilibrate before cells were treated with either 1 AU ml -1 lactocin 160 or the corresponding controls. Finally, 2 lmol l -1 nigericin (MP Biomedicals) was used to completely dissipate any residual DpH.
DW Dissipation Assay
The effect of lactocin 160 on the transmembrane electrical potential of the cells (DW) was determined using a modified version of the method described by Sims et al. [34] . Briefly, 20 ml of G. vaginalis culture was incubated anaerobically at 37°C until an OD 600 of 0.6 was reached. The cells were then centrifuged at 5000g, washed once with 20 ml of fresh growth medium and resuspended in 200 ll of fresh medium. The fluorescent probe 3,3 0 -dipropylthiadicarbocyanine iodide (DiSC 3 (5)) was used to monitor changes in the DW of the cells. The fluorescence intensity of the probe was measured continuously in quartz cuvettes (10 mm light path) at 22°C using a LS-50B spectrofluorometer (PerkinElmer), with excitation and emission wavelengths of 643 and 666 nm, respectively, and a slit width of 10 nm. Each cuvette contained 2 ml of BHI broth supplemented with 3% horse serum; DiSC 3 (5) probe was added to a final concentration of 5 lmol l -1 . Next, 20 ll of the cell suspension was added to the system, resulting in a noticeable decrease in the fluorescence of the probe. As the signal stabilized, the cells were spiked with 5 lmol l -1 nigericin to convert DpH into DW; equilibration of the signal was followed by addition of either 1 AU ml -1 lactocin 160 or the negative controls. Finally, 2 lmol l -1 valinomycin was used to collapse any remaining DW.
Statistics
The ethidium bromide and the ATP assay were conducted at least twice, in duplicate. The results were analyzed using the Student's t-test (P B 0.01). Only one replicate was used for the DpH and DW dissipation assays, due to the time-sensitive nature of these assays; however, each of these experiments was repeated three times producing equivalent results.
Results and Discussion
The Cytoplasmic Membrane Damage Caused by Lactocin 160 in G. vaginalis Cells Could not be Detected Using the Ethidium Bromide Assay
The cell membrane is the primary site of action for most reported bacteriocins [17, 26] . In particular, bacteriocins such as enterocin P and lactococcin G form transient channels in the cytoplasmic membranes of their target cells [18, 25] , while the activity of others, such as mersacidin and divergicin M35, may even lead to cell lysis [6, 8, 27] .
The ethidium bromide assay is arguably the simplest way to assess the effect of an antimicrobial on the membrane integrity of a prokaryotic cell. Ethidium bromide is a fluorescent compound with high affinity for DNA molecules. It penetrates bacterial cells via damaged cytoplasmic membranes, and subsequently binds to the intracellular DNA. Alternatively, ethidium bromide may bind extracellular DNA molecules from lysed cells. The unbound, residual ethidium bromide is removed with the washing buffer [5, 7] .
The results obtained from the ethidium bromide assay indicate that the bacteriocin nisin instigates severe membrane damage in G. vaginalis even at 1 AU ml -1 (Fig. 1b) . In contrast, the membrane damage induced in G. vaginalis by lactocin 160 could not be detected using this assay (Fig. 1a) .
Lactocin 160 Induces Efflux of ATP in G. vaginalis
Bacteriocins frequently deplete the intracellular ATP pool of the cells they target. Efflux of ATP and/or of its precursor molecules (ADP, phosphates) may occur through cellular membranes perturbed by the activity of a bacteriocin [1, 17] . In aerobic cells, bacteriocins also prevent ATP synthesis through depletion of transmembrane gradients [26] . Finally, the cellular response repertoire to bacteriocins commonly involves expenditure of ATP. The activity of lactocin 160 induced a transmembrane efflux of ATP in G. vaginalis cells (Fig. 2a) . Nisin, in contrast to lactocin 160, triggered the intracellular hydrolysis of ATP in G. vaginalis (Fig. 2b) . It is important to note that the negative controls, including cells treated with PBS buffer (data not shown), had most of their ATP content externalized, indicating that G. vaginalis poorly tolerates the conditions of the assay.
Lactocin 160 has putatively been described as a bacteriocin [3, 21] , therefore, it is likely that, much like many other known bacteriocins, it exerts its effect by formation of transient pores in the cytoplasmic membrane of the target cell [17] . These transient channels may be ion specific, as they frequently differ in the size, charge, and in the duration of their existence [18, 25] . Hence, it is not surprising that lactocin 160 makes the target cytoplasmic membrane permeable to ATP but not to ethidium bromide, as described in the previous section. This further indicates that the antimicrobial activity (at 1 AU ml -1 ) is not due to cell lysis. The specificity of the channels formed by lactocin 160 can be evaluated further by elucidating the effect of this antimicrobial on various transmembrane potentials in G. vaginalis.
Lactocin 160 Completely Collapses both Components of the PMF in G. vaginalis Cells
A common consequence of the disruption of cytoplasmic membranes, caused by bacteriocins, is a collapse of the PMF, the electrochemical gradient essential for numerous cellular processes [23, 26] . Bacteriocins can dissipate both the electrical (DW) and chemical (DpH) components of the PMF [17] , although some may specifically target only one of the gradients [18, 22] .
Lactocin 160, much like nisin, induced complete collapse of the transmembrane electric potential (DW) in G. vaginalis cells. The assay was conducted using the G. vaginalis growth medium; consequently there was no need to energize the cells through supplementation of glucose [34] . Following the addition of nigericin (K ? /H ? exchanger), cells were treated with either lactocin 160 (Fig. 3a) or nisin (Fig. 3b) , both of which resulted in a sharp increase in fluorescence, while the corresponding negative controls did not produce such an effect. Under the assay conditions, an increase in the fluorescence intensity of the probe is caused by depolarization of the cellular cytoplasmic membranes. The depletion of DW induced by either lactocin 160 or nisin was total, evident by the fact that final treatment with the ionophore valinomycin (used to dissipate any residual DW) did not lead to any additional increase in fluorescence intensity.
Lactocin 160, much like nisin, also induced the collapse of the DpH component of the PMF, as evidenced by a sharp decrease in the fluorescence of the energized, valinomycintreated cells (Fig. 4a, b) . A drop in the fluorescence intensity of the cells loaded with the pH-sensitive probe BCECF-AM, points to a decrease of their intracellular pH. Conditions of the experiment were selected so that the pH of the assay buffer would be lower than the intracellular pH (data not shown). Consequently, a bacteriocin-induced decrease in intracellular pH signifies the ability of the antimicrobial to dissipate the transmembrane pH gradient (DpH) of the target cell. As expected, the lactic acid solution used as a negative control for Lac160 slightly acidified cytoplasmic pH in G. vaginalis cells (Fig. 4a) . This mild acidification of the cytoplasm, however, did not cause a complete collapse of DpH, since the subsequent addition of nigericin triggered a further decrease of the cellular cytoplasmic pH, ultimately leading to the complete dissipation of DpH. In contrast to their corresponding negative controls, both lactocin160 (Fig. 4a) and nisin ( Fig. 4b) completely dissipated DpH in G. vaginalis; i.e., addition of the ionophore valinomycin did not cause a further fall in the fluorescence intensity of the probe. It is interesting to note that the drop in fluorescence caused by nisin is immediately followed by a minor rise before the signal stabilizes (Fig. 4a) . This 'secondary' rise in fluorescence was not observed with either lactocin 160 or nigericin, even though the experiment was repeated numerous times. This observed effect may be related to the ability of nisin to trigger intracellular ATP hydrolysis in G. vaginalis cells, as illustrated in previous sections. Most importantly, this discrepancy between the cellular response to nisin and to lactocin 160 further confirms the hypothesis that although both antimicrobials target the cytoplasmic membrane of the pathogen, their precise mechanism of action may still differ.
Conclusion
This study has revealed that lactocin 160 dissipates both components of the proton motive force (DW and DpH), and induces the efflux of ATP in the vaginal pathogen, G. vaginalis. The activity of lactocin 160 against (5) , following the addition of lactocin 160 (Lac160, a) and nisin (Nis, b), signifies that these antimicrobials dissipate the transmembrane electric potential in G. vaginalis. In contrast, the corresponding negative controls, lactic acid solution, and nisin diluent, respectively (both designated as 'Control-'), did not affect fluorescence of the probe. Two lmol l -1 valinomycin (Val) was ultimately used to completely collapse any residual DW Fig. 4 Lactocin 160, much like nisin, completely dissipated the transmembrane pH gradient (DpH) in G. vaginalis. Initially, the cells loaded with BCECF-AM were energized with 2.2 mmol l -1 glucose (Glu). Two lmol l -1 valinomycin (Val) was then used to convert the DW component of the PMF into DpH. Decrease in fluorescence intensity following the addition of lactocin 160 (Lac160, a), or nisin (Nis, b), indicate that these antimicrobials dissipate transmembrane pH gradient in G. vaginalis. Nisin diluent and lactic acid solutions, respectively, were used as the corresponding negative controls (Control-). Finally, 2 lmol l -1 nigericin (Nig) was used to completely collapse any residual DpH G. vaginalis is likely to be due to the formation of transient pores in the cytoplasmic membrane of the pathogen. Although the bacteriocin nisin may also dissipate DW and DpH by transient pore formation, the intrinsic characteristics of these channels are likely to differ from those formed by lactocin 160.
The safety and narrow spectrum of activity associated with lactocin 160 renders this antimicrobial agent as a promising candidate for the treatment and prophylaxis of bacterial vaginosis. A clear understanding of its mechanism of action, however, is vital for the intelligent design of effective formulations involving multiple hurdles. In general, cells have difficulty adapting to various unrelated stress factors; therefore, a combination of antimicrobials with different mechanisms of action is likely to have a synergistic effect against the target microorganism. By the same token, multiple hurdles make it less probable for resistant mutants to arise and be selected for.
